A gray change detection method has been proposed to monitor damage in materials. The normalized parameter C has been defined by the displacement and the gray level value, which can reflect the gray change of each pixel point in the region of interest of the image. A zero deformation experiment has been done to discuss the feature of gray change caused by many factors except the damage. The results show that local expanded regions with concentrations of C can be considered as the damage regions. The uniaxial tensile experiments for an artificial rock specimen and a polycarbonate specimen have been done to verify the performance of the proposed method. The results show that the proposed method is effective for monitoring surface cracks in rocks and the shear band in polymers. This work provides a useful method for damage monitoring in materials.
Introduction
Damage detection technology is always a research hot spot in engineering applications [1] [2] [3] . Generally, plastic deformation and crack generation can affect the light intensity on the surface of materials [4, 5] . Thus, as an effective nondestructive technology, digital image processing has been widely used to evaluate surface damage, cracks, and imperfection of materials and structures in recent years [6] [7] [8] [9] [10] [11] . These detection methods can be basically classified into two categories: one is image segmentation technology used to process a single image, and the other is image registration technology used to process image sequences. Obviously, if the surface damage in the image does not have distinctive features or an edge, image registration technology is more effective than image segmentation technology. However, the selection of an effective method from many registration methods is also crucial work [12, 13] .
Digital image correlation (DIC) is a rapidly developing photomechanical technique for experimental mechanics analysis in various engineering problems [14] [15] [16] [17] . In essence, the basic principle of DIC can be classified as the correlation method in image registration technology. However, compared with other registration methods, DIC pays more attention to the derivation of mechanical parameters (strain, stress, Young's modulus, Poisson's ratio, stress intensity factor, etc.) from the displacement field measured by the correlation process. Thus, DIC is the preferred method for research workers in mechanics. Because the full-field deformation related to the damage in materials can be measured by DIC with high accuracy, DIC has been widely used for the damage detection of materials [18] [19] [20] . However, because the strain field is usually derived by the 1559-128X/15/040934-06$15.00/0 © 2015 Optical Society of America displacement field in a certain square window [21, 22] , it is difficult to describe the mechanical response of each pixel point in the image. In addition, although the strain localization can be used to monitor the damage, the strain concentration should appear in the larger region around the damage. Thus, it is difficult to accurately evaluate the damage region in materials by the deformation field measured by DIC.
The main purpose of this paper is to extend the application of DIC to the damage detection. A gray change detection method based on DIC is proposed first. Then, the feature of gray change caused by the damage is investigated by the zero deformation experiment. Finally, the performance of the proposed method is verified by the uniaxial tensile experiments on two kinds of material.
Principle of Gray Change Detection
At present, it is easy to capture image sequences on a material surface in the loading process by CCD cameras. Generally, the image under a small load is considered as a reference image, and other images under larger loads are considered as deformed images. These images are the processing objects of gray change detection. The region of interest (ROI), whose gray change needs to be detected, is selected in the reference image. For different experimental purposes (macro-damage detection, micro-damage detection, global damage detection, local damage detection, etc.), the magnification of image, size, and location of ROI is determined by experimenters. As shown in Fig. 1 , deformation would occur in the ROI in the deformed image. f x; y is defined as the gray level distribution function of the reference ROI, and gx; y is defined as the gray level distribution function of the deformed ROI. If any point with the coordinate of x i ; y j moves to x i ; y j after the deformation, the comparison between f x i ; y j and gx i ; y j can indicate the gray change. Actually, x i ; y j can be related to x i ; y j by the deformation kinematic relationship: x i x i ux i ; y j y j y j vx i ; y j ; 1 where ux i ; y j and vx i ; y j represent the horizontal displacement and the vertical displacement of point x i ; y j , respectively.
Many software programs can read the f x; y and gx; y of the integer pixel point. The displacement field ux; y and vx; y can be measured by DIC. Then, the gray change detection can be achieved using these four functions according to the flow chart shown in Fig. 2 . First, coordinate x ; y corresponding to x; y should be calculated by Eq. (1) . Because x ; y may be a noninteger, a subpixel interpolation technique is used to determine the gray level value of x ; y consequently. In addition, a bicubic interpolation method [23] is selected in this paper. Finally, a normalized parameter C is defined to characterize the gray change of each pixel point. The expression of C shows that its value is in the range of [0, 1] . And the smaller C indicates the smaller gray change.
Experimental Work

A. Zero Deformation Experiment
The gray change on the surface of a specimen can be caused by many factors, such as light source instability, quantization error bound, surface damage, and so on. Therefore, to monitor the damage by gray change, the feature of gray change caused by other factors should be discussed first. Under three different light intensity conditions, an Olympus STM6 microscope was used to capture three micro-images of the surface of a stationary steel specimen. The size of images was 2080 × 1544 pixels. One image was set as the reference image, and the other two images were named image A and image B, respectively. Although this is a zero deformation experiment, the environmental vibrations may lead to a minor shift of images. So, first of all, the relative displacements between the images were measured by Vic-2D software (Vic-2D 2009, Correlated Solutions, Columbia, SC, USA) first. Then, the gray changes were detected by the proposed method. The images, gray level histograms, and detection results are shown in Fig. 3 .
The range of measured value of C in image A is smaller than that in image B, which shows the gray change between image A and the reference image is smaller than that between image B and the reference image. This phenomenon can be also reflected in the gray level histograms, which further proves that C can be used to characterize the gray change. From the distribution of C in ROI, it can be seen that the concentrations of C occur in many small regions. In addition, the regions with the concentrations of C do not expand significantly with the increase of gray change. Different from these features of gray change caused by other factors, the damages often initially occur in one or several local weak regions of material surfaces and expand with the loading process. Therefore, several local expanded regions with concentrations of C can be considered as the damage regions.
B. Tensile Experiment for an Artificial Rock Specimen
A dumbbell specimen made of the artificial rock was used to conduct the experiment. The gauge length was 40 mm, the width was 20 mm, and the thickness was 5 mm. The natural texture on the surface of the specimen can be considered as a kind of speckle used for DIC. An electronic universal testing machine was used to apply the uniaxial tensile load on the specimen. The loading speed was 0.05 mm∕ min . At the same time, an 8-bit CCD camera was used to capture images with the frame rate of 1 fps. The size of the captured images was 1024 × 1024 pixels. The proportion between the actual size and the pixel of the captured images was 29.6 μm∕pixel. Vic-2D software was used to measure the relative displacements between the images. And the gray changes of ROI were detected by the proposed method. The force-time curve is shown in Fig. 4 . The images of the specimen at different times (A, t 100 s; B, t 120 s; C, t 150 s; D, t 200 s; E, t 250 s; F. t 317 s) marked in Fig. 4 were used for analysis. In addition, the image of t 100 s was set as the reference image.
The gray changes of images at t 120 s and t 150 s were detected. The distributions of C are shown in Fig. 5 . In the image of t 120 s, there is no significant local concentration of C, which proves that few surface damages occurred. In the image of t 150 s, the local concentration of C is obvious, which indicates that the local surface damage occurred. The partial enlarged views of images are also shown in Fig. 5 . When we look more carefully, it can be seen that a surface crack (in the ellipse) appears in the partial enlarged view of the image of t 150 s image But there is no visible surface damage in the partial enlarged view of the image of t 120 s. The above analysis shows that the proposed method can detect the gray change to monitor the surface crack of the artificial rock specimen effectively.
Generally, the strain field can reflect the damage in materials. Figure 6 shows the measured vertical strain ε y by Vic-2D in the ROI of images at t 120 s and t 150 s. The ε y field in the image of t 120 s shows that the inhomogeneous deformation occurred in the loading process. As we known, small deformation occurs in the tensile experiment of brittle materials. However, the defects and inclusions in the specimen can lead to the large apparent strain and the inhomogeneous deformation. The strain concentration appears in the image of t 150 s, which should be caused by the local surface damage. In addition, the damage region detected by the strain field and the proposed method are basically the same, which further confirms the reliability of the proposed method. The gray change local concentration only occurred in the damage region. However, the strain concentration should appear in the larger region around the damage. Thus, the concentration region of C in the image of t 150 s (shown in Fig. 5 ) is smaller than the strain concentration region in the same image (shown in Fig. 6 ). The damage region detected by the proposed method is more accurate.
The gray changes of images at t 200 s, t 250 s, and t 317 s were detected to monitor the damage history in the loading process. The distributions of C are shown in Fig. 7 . With the increase of the load, the damages occurred in more regions. Gradually, some local damages merged into a macro-crack. Finally, the unstable brittle fracture occurred along the crack direction in the specimen (shown in the ellipse). The tensile fracture of the artificial rock can be considered as a damage convergence process.
C. Tensile Experiment for a Polycarbonate Specimen
A dumbbell specimen made of the polycarbonate was used to conduct the experiment. The gauge length was 50 mm, the width was 10 mm, and the thickness was 3 mm. A little white and black paint was sprayed on the specimen surface to make the speckle used for DIC. An electronic universal testing machine was used to apply the uniaxial tensile load on the specimen. The loading speed was 10 mm∕ min . At the same time, an 8-bit CCD camera was used to capture images with the frame rate of 1 fps. The size of the captured images was 1024 × 1024 pixels. The proportion between the actual size and the pixel of the captured images was 28.8 μm∕pixel. Vic-2D software was used to measure the relative displacements between the images. And the gray change of ROI was detected by the proposed method.
The force-time curve is shown in Fig. 8 . The images of the specimen at different times (A, t 10 s; B, t 15 s; C, t 30 s; D, t 31 s) marked in Fig. 8 were used in the analysis. In addition, the image of t 10 s was set as the reference image. Figure 9 shows the distributions of measured C in the ROI of deformed images. In the image of t 15 s, there is no concentration of C, which shows that the shear bands were not formed at this time. Although there is no obvious concentration of C in the image of t 30 s, it can be seen that the values of C in the bottom region of the ROI are higher than those in other regions. This phenomenon can be explained by the formation of the micro-shear bands. Corresponding to the peak in the load, the coalescence of many micro-shear bands across the entire specimen cross section can form a single macro-shear band [24] . The concentration of C is obviously in a band region (shown in the ellipse) of the image at t 31 s, which can be explained by the formation of the macro-shear band. Because of the mismatch between the trigger time of the CCD camera and the trigger time of the electronic universal testing machine, the formation of the macro-shear band is not corresponding to the peak in the load in this experiment. The shear band observation results by the proposed method are basically in accordance with the results in [24] , which proves that the gray change detection can be used to monitor the formation of shear bands in polymers. The speckle on the specimen surface can ensure the deformation measurement accuracy of DIC. However, to some extent, it also hides the gray change caused by the shear band. As shown in Fig. 9 , it is not easy to identify the shear band in the partial enlarged views by the human eye. The proposed method gives a good solution to this problem. It can clearly highlight the shear band.
Because the degrees of gray changes caused by damages in different materials are different, the value of C cannot be taken as a criterion for the damage. For example, the value of C corresponding to the macro-shear band in this experiment is different from that corresponding to the surface crack in the previous experiment. Thus, the damage region should be determined by the concentration of C, rather than by the value of C.
Conclusions
A gray change detection method was proposed. Based on the displacement field measured by DIC and the gray level distribution function of images, the normalized parameter C is defined to characterize the gray change.
The gray change caused by many factors except damage was investigated by a zero deformation experiment. Further analysis shows that the damage regions should be a concentration of C and expand in the loading process.
The performance of the proposed method was verified by two uniaxial tensile experiments. The results show that the surface crack in rocks and the shear band in polymers can be highlighted clearly by the proposed method. The proposed method is a useful method for the damage monitoring in materials.
